ABSTRACT In this paper, we consider a progressive transceiver design for point-to-point massive multiple input multiple output (MIMO) with automatic repeat request (ARQ). As an alternative to address the difficulties such as prohibitive hardware complexity, cost, and power consumption encountered by a fully digital implementation of massive MIMO, a hybrid architecture, which introduces RF analog processing together with baseband digital processing, is employed. Based on the perfect channel state information, the hybrid RF-baseband transceiver is derived, aiming at increasing the achievable rate through exploiting the time diversity inherent in ARQ packet retransmissions. Due to the intractability of joint optimization of the hybrid precoder and combiner, we heuristically assume that the fully digital linear minimum-meansquare-error (MMSE) filter is perfectly realizable by its hybrid counterpart at the receiver, and decouple the precoding from the combining design, where the previous failed retransmissions are sequentially incorporated into the joint RF-baseband precoding/combining optimization. Specifically, for each ARQ round, we construct the RF precoder either from the transmit array response vectors or from a discrete Fourier transform-based codebook. In consideration of the RF precoding effect, the optimal baseband precoder is analytically derived. To minimize the performance loss incurred by the decoupled precoder/combiner optimization, the proposed two-step design technique is further applied to derive the hybrid combiner as an approximation of the optimal linear MMSE solution in terms of error performance. The efficacy of the proposed progressive hybrid solutions is numerically evaluated by performance comparison with various baselines. The effect of RF precoding/combining with finite-resolution elements is also examined.
I. INTRODUCTION
Massive multiple-input multiple-output (MIMO) [2] , which scales up the conventional MIMO by an order of tens or even hundreds, presents an opportunity to exploit spatial multiplexing and interference suppression enabled by adaptive beamforming on a large scale for significant performance enhancements. Traditionally, MIMO processing relies on a direct signal path between the baseband and antenna domain, which is realized by the attachment of a dedicated RF chain to each antenna element. Unfortunately, practical engineering considerations, such as hardware complexity, cost, and power consumption, call into question the feasibility of such a fully digital implementation in the large-scale array regime. Recently, a hybrid RF-baseband structure, derived from reducing the number of RF chains, has been proposed as a promising alternative [3] , [4] , where a stage of RF analog processing is introduced in combination with the stage of traditional digital processing at baseband.
In an effort to maintain reasonable hardware complexity and power amplifier efficiency, existing work on hybrid precoding/combining for point-to-point massive MIMO has been formulated on the assumption of constant-modulus RF phase-shifters [5] - [8] . The introduction of the nonconvex modulus constraint poses a nontrivial challenge to the solution development. Upon abstracting the baseband operations, joint optimization of the RF precoder and combiner was examined in [5] by maximizing the capacity of the effective channel in the RF domain. Based on the optimal RF solutions, the RF phase-shifters were heuristically obtained by phase extraction. The work in [6] proposed a low-complexity hybrid precoding/combining design by exploiting the sparsity of millimeter-wave (mmWave) channels. By restricting the search for the RF transmit/receive phase-shifters to the space of transmit/receive array response vectors, the hybrid designs were cast as matrix reconstruction of the optimal fully digital solutions and solved by orthogonal matching pursuit algorithms. Through relaxing the restriction on the feasible set for the constant-modulus RF elements, improved hybrid precoding/combining schemes were devised in [7] using Grassmann manifold optimization and in [8] based on approximate joint diagonalization of matrices. We note that the aforementioned hybrid precoding/combining derivation was premised on the knowledge of the fully digital optimal counterparts, which might not be always readily obtainable.
To improve the reliability of wireless links, hybrid automatic repeat request (ARQ) has been widely used in modern wireless communication systems [9] , where a feedback channel is used to indicate the status of signal reception. In its simplest form, signal retransmission is triggered in the event of decoding failure. Since each round of retransmission is likely to experience independent channel fading, the chance of successful decoding can be increased by exploiting such time diversity. Specifically, when hybrid ARQ with Chase combining (HARQ-CC) is employed, power gain can be reaped by the maximum ratio combining of the multiple signal copies. A more sophisticated implementation is hybrid ARQ with incremental redundancy (HARQ-IR), where additional parity bits associated with the same mother code are transmitted. The coding gain generated by bit-level combining in general leads to a superior performance to HARQ-CC, which, however, comes at the cost of increased transmitter complexity and storage requirement at the receiver. Besides, in the absence of the optimal maximum likelihood (ML) receiver, HARQ-IR tends to suffer more substantial performance degradation [10] . When hybrid ARQ is integrated with MIMO, an interesting question is how to exploit the diversity in both space and time. The works [11] - [16] investigated how to leverage the time diversity in a linear precoding design by incorporating the precoders from the previous failed signal retransmissions. In the presence of the ML receiver, the authors studied the sequential precoding optimization with respect to (w.r.t.) the performance metrics of mutual information in [11] , [15] , and [16] and mean square error (MSE) in [12] , respectively. Such an idea was also examined in [13] with the more realistic minimum MSE (MMSE)-decision feedback equalizer. It is worth mentioning that the existing solutions cannot be directly applied at baseband in the context of hybrid precoding without taking into account the effect of the RF stage on the power constraint. Furthermore, because of the high dimension of the received signal in massive MIMO, the ML receiver, which generally has exponential computational complexity, is no longer feasible. This necessitates a novel hybrid precoding approach in consideration of linear hybrid combining at the receiver.
In this work, we are interested in a hybrid precoding and combining design for the point-to-point massive MIMO with HARQ-CC, where the objective is to maximize the achievable rate by incorporating the time diversity inherent in signal retransmissions. The rationale to choose HARQ-CC is two-fold. On one hand, from the perspective of hardware implementation, HARQ-CC offers such advantages as lower transmitter complexity by encoding the data only once and reduced storage requirement at the receiver by combining the multiple signal copies [10] . More importantly, it is less sensitive to suboptimal receiver implementation which is generally the case for practical massive MIMO systems. On the other hand, from an optimization viewpoint, the symbollevel HARQ-CC is independent of the underlying coding and modulation schemes, and allows for the approximation of the practically achievable rate by the closed-form expression of mutual information for the sake of mathematical tractability. We consider progressive optimization of the perfect channel state information (CSI)-based linear precoder and combiner in the sense that the previous failed retransmissions are leveraged in the current hybrid precoding and combining derivation without taking into account potential future retransmissions. By heuristically assuming the perfect realization of the linear MMSE filter by the hybrid combiner, the joint precoding-combining optimization, which is in general mathematically intractable, is decoupled. A two-step strategy is then proposed to optimize both the RF and baseband precoders/combiners without requiring the knowledge of the fully digital solutions. In particular, for the current ARQ round, the RF precoder/combiner is constructed either from the transmit/receive array response vectors or from a discrete Fourier transform (DFT)-based codebook. At the transmitter side, conditioned on the RF precoder, the optimal baseband precoder is analytically derived, which, unlike [11] , [12] , properly factors in the effect of RF precoding on the beamforming directions and power loading. Furthermore, at the receiver side, a novel hybrid combining structure across multiple ARQ rounds is proposed with the aim to alleviate the storage requirement and computational complexity. This is formulated as an approximation of the linear MMSE filter in hopes of minimizing the potential performance loss incurred by separate precoding/combining optimization. Through numerical simulations, we validate the efficacy of the proposed progressive approach to the hybrid precoder and combiner design in terms of (i) its comparable performance with the fully digital optimal progressive counterpart, and (ii) its performance advantage over other hybrid baseline that is oblivious to the presence of time diversity.
The rest of the paper is organized as follows. In Section II, we describe the system model of massive MIMO ARQ with hybrid precoding and combining. We develop the proposed approach for progressive hybrid precoding and combining in Section III and Section IV, respectively. Illustrative results are provided in Section V, where the proposed progressive hybrid solutions are numerically compared with other existing schemes. Concluding remarks are made in Section VI.
Notations Figure 1 , the data streams are first linearly transformed using a low-dimensional baseband precoder F ∈ C N RF t ×N s , the output of which is then precoded by a highdimensional RF precoder G ∈ C N t ×N RF t . The RF precoder is assumed to be implemented using analog phase shifters, i.e., the elements are constrained to satisfy At the receiver, a single-bit feedback is leveraged to inform the transmitter of the reception status. In particular, the receiver sends an acknowledgment (ACK) for successful decoding and a negative ACK (NACK) signal otherwise. For the case of HARQ-CC which is of interest to this work, the transmitter simply resends the same signal upon receiving a NACK feedback. This makes it possible for the receiver to combine the same transmitted signal across all transmission attempts, as shown in Figure 2 .
Denoting the RF and baseband precoders during the mth ARQ round of retransmission by G m and F m , respectively, 1 Although massive MIMO was originally envisioned for multi-user transmission in hopes of realizing the spatial multiplexing gain on a large scale [2] , in a hybrid precoding/combining setting where the number of data streams is limited as a result of the limited number of RF chains, it is reasonable to expect point-to-point transmission to fully exploit the potential for spatial multiplexing. In the recent 3GPP Long-Term Evolution (LTE) Release 13, massive MIMO was introduced [9] , where the multi-user massive MIMO system switches between the point-to-point and multi-user transmission modes depending on the network conditions and application requirements. Therefore, the study on point-to-point massive MIMO with hybrid precoding/combining has practical relevance. the received signal during the mth ARQ transmission is given by
where ρ represents the average received power, the data vector s is assumed to be encoded by an independently and identically distributed (i.i.d.) Gaussian codebook, i.e., s∼CN (0,
, H m ∈ C N r ×N t denotes the massive MIMO channel between the transmitter and the receiver during the mth retransmission of the data vector s, and is assumed to change independently from transmission to transmission, and n m ∼CN (0, σ 2 I N r ) is the spatially white Gaussian noise with variance σ 2 . In particular, we characterize H m , ∀m by a parametric clustered channel model [6] , [17] , in which the channel matrix is a sum of contributions of N cl scattering clusters, each with N ray propagation paths. Assuming uniform linear arrays (ULA) at both link ends, the MIMO channel is generically expressed as 
represents the normalized receive (transmit) array response vector at an azimuth angle of arrival (AoA) φ r il (angle of departure (AoD) φ t il ). For a generic N -element ULA on the y-axis, the array response vector is expressed as [6] 
where d is the inter-antenna spacing normalized by the wavelength. Here, the perfect knowledge of H m , ∀m is assumed to be available at the transmitter and the receiver. While it is challenging to acquire the high-dimensional CSI in closedloop frequency-division duplexing (FDD) systems which depend on the mechanism of channel training and feedback, VOLUME 6, 2018 such an issue can be simplified by exploiting channel reciprocity in time-division duplexing (TDD) systems. 2 After M retransmissions of the data vector s, the received signals can be aggregately written as
As the noise vectors across different retransmissions are independent, we have
The fact that the same signal is transmitted in the event of decoding failure enables the coherent combining of all the received signals across different ARQ rounds. Ideally, the combining should take place in both the RF and baseband domains for the optimal performance, which would require storage of the high-dimensional received signals {y m } M m=1 from all ARQ rounds and applying to the aggregate received signal y M an RF combiner of size C MN r ×MN RF r followed by a baseband combiner of size C MN RF r ×N s . Unfortunately, these highdimensional combiners pose nontrivial computational and storage complexity, especially when N r is large. Furthermore, additional RF phase shifters are needed to implement the joint combining in the RF domain. 3 Out of these concerns, in this work, we propose to first perform independent RF combining of the received signals from each ARQ round, and then perform joint baseband combining of the RF-processed received signals across all ARQ rounds, as illustrated in Figure 2 . Accordingly, after the M th ARQ round, the signal at the output of the hybrid combiner can be written aŝ 2 For the channel reciprocity to be useful, it is required that the sample duration allocated for uplink channel training T u and that for downlink data transmission T d should not exceed the channel coherence time T coh . Suppose that the channel remains invariant before the user moves a quarter of the wavelength λ. Accordingly, the channel coherence time is calculated as T coh = 1 4 λ v with v as the mobile speed of the terminal. Furthermore, let T s denote the sample duration of an orthogonal frequency-division multiplexing (OFDM) symbol, which consists of a guard interval T cp and an effective symbol interval T eff . To avoid inter-symbol interference, it can be assumed for simplicity that the guard interval is set equal to the channel delay spread τ , i.e., T cp = τ . Accordingly, the channel coherence time in terms of the number of channel uses is expressed by T cu coh =
To estimate the frequency response, the N r transceivers at the user terminal transmit orthogonal pilot sequences on the uplink, each of length no less than N r channel uses. In general, it is required that T cu coh ≥ 2N r such that the ensuing data transmission could take place [18] . 3 In an ARQ-based system with a single-channel (and a single processing unit), multiple copies of the same signal are received independently at different time instances. However, in a multi-channel system, performing combining across the independently received signals from parallel channels can take place as each channel will have a separate processing unit.
combiner used during the M th ARQ round. The achievable rate per channel use, i.e., the spectral efficiency, as a result of the proposed precoding and combining strategy after M ARQ rounds, is expressed as (2) is maximized. Finding the global optimum generally requires joint hybrid precoding and combining optimization, which is unfortunately mathematically intractable especially in the presence of the nonconvex modulus constraints on G M and B M . Here, we instead seek an approach where the hybrid precoding can be decoupled from the hybrid combining optimization. In particular, we assume that the fully digital linear MMSE combiner is perfectly realizable by the hybrid RF-baseband counterpart. Following a similar line of reasoning as in [19] , it can be shown that in this case, the achievable rate R M ARQ in (2) is reduced to the mutual information between s and y M , i.e., I(s; y M ), as given by
where we note that optimization of the precoders F M and G M for the M th ARQ round depends on the previous precoders
Since solving for {G M , F M } jointly is a difficult problem subject to the constraint G M ∈ F RF , we propose a twostep solution technique. In the first step, we choose the RF precoder G M to be one of the feasible solutions from the set F RF , say G sel M , and conditioned on this choice, we derive the closed-form solution for the optimal baseband precoder
}, from which the pair that yields the maximum mutual information in (3) is declared as the solution to the original problem. We remark that unlike the one-shot approach based on matrix reconstruction in [6] , the proposed two-step technique obviates the need for knowing the fully digital solution, and enjoys the flexibility of performing waterfilling-based power loading at baseband.
Clearly, the set of constant-modulus RF precoders F RF contains an unlimited number of elements. Here, we consider two suboptimal but effective alternatives, where the columns of the RF precoder G M are assumed to be chosen either from the set of N cl N ray transmit array response vectors A t {a t (φ t il )} i,l [6] or from the N t columns of the N tdimensional DFT matrix E t [20] . The rationale for constraining the columns of the RF precoder to the finite sets A t and E t for the ARQ retransmission is three-fold: (i) On one hand, the optimal progressive digital precoder has been known to be a function of a unitary matrix whose columns span the row space of the channel H M [11] . On the other hand, it has been observed in [6] that under certain conditions, the set of transmit array response vectors A t serves as another basis for the row space of the channel H M ; (ii) As indicated by the definition (1), the transmit array response vector a t (φ t il ), ∀i, l, consists of constant-modulus entries; (iii) When angle-domain quantization is considered as an option to reduce the overhead of estimating the complete AoD information, the array response vector-based RF precoding design can still be directly applied. One extreme case is the DFT-based codebook, which represents blind uniform quantization of the whole azimuth angular plane. Interestingly, in the large-scale array regime, the DFT matrix becomes an asymptotically good approximation for the channel eigen-space [21] . Our proposed approach to generating the hybrid RF-baseband precoder for the M th ARQ retransmission is summarized in Algorithm 1. 
3) Repeat step 2 for each combination of G sel M from the set {a t (φ t il )} i,l or from the columns of E t , and choose the pair {G sel M , F M (G sel M )} that yields the maximum mutual information as the solution to (3).
In order to derive the optimal baseband solution F M (G sel M ) in step 2 of Algorithm 1, we observe that given the eigenvalue decomposition
the objective function in (4) with the normalizing factor 1 M ignored can be reduced to
, and F M F M U. Besides, using the orthogonality of U, the power constraint in (4) is equivalent to
In other words, we can reformulate the problem (4) as
to which the optimal solution can be analytically established, as shown in the following theorem.
. . , ψ k Ns ,M ). Let P 1,M and P 2,M be the permutation matrices such that the diagonal elements of P 1,M M P H 1,M are in non-decreasing order while those of P H 2,M M −1 P 2,M are in non-increasing order. Then the optimal solution to (5) is given by
and c chosen such that Tr(
Proof: See Appendix. Remark: The optimal baseband precoder, conditioned on the selected RF precoder G sel M , consists of the following features:
1) The optimal beamforming subspace is spanned by the generalized eigenvectors A M of the Gram matrices of the effective channel H M G sel M and the RF precoder G sel M .
2) The optimal beamforming directions are determined by the selection matrix S M , which picks the N s largest indices of the set {ψ 1,M , . . . , ψ N RF t ,M }.
3) The diagonal matrix F M implements the waterfillingbased power loading. 4) The permutation matrices P 1,M and P 2,M achieve the optimal reverse pairing between the singular values of the previous precoded transmissions I N s + β M −1 and VOLUME 6, 2018 the largest N s elements of the set {ψ 1,M , . . . , ψ N RF t ,M } related to the current transmission. 5) For the initial transmission, i.e., M = 1, the permutation matrices become an identity matrix, i.e., P 1,M = P 2,M = I N s , and the transmit power is loaded according
IV. PROGRESSIVE HYBRID COMBINER DESIGN FOR MASSIVE MIMO WITH ARQ
In the previous section, by heuristically assuming that the fully digital linear MMSE combiner can be perfectly reconstructed by the hybrid RF-baseband counterpart, we were able to abstract the hybrid combining effect on the achievable rate, and decouple the precoding from the combining optimization. In the existing works such as [6] , the reconstruction was addressed in terms of the combining structure, and was formulated as a matrix reconstruction problem. In doing this, the fully digital solution needs to be known. However, as discussed in Section II, such knowledge might not be practically obtainable in light of the storage requirement imposed by the high-dimensional received signals across multiple ARQ rounds. Furthermore, since the matrix reconstruction formulation attempts to generate the RF and baseband combiners simultaneously, suboptimal baseband solutions are likely to result. In view of these drawbacks, we consider applying the two-step approach from the previous section to the hybrid combining design in this section. In hopes of alleviating the storage and computational complexity at the receiver, we first seek to decrease the dimension of the received signals through the RF combining, which is carried out independently across different ARQ rounds, and then combine the reduced-dimensional RF-processed signals from all the previous and current retransmissions accessible to the baseband, as illustrated in Figure 2 . In particular, given the hybrid RF-baseband precoders {G m , F m } M m=1 generated from the procedure developed in Section III, the idea is to design the hybrid RF-baseband combiner for the current ARQ round, i.e., {B M , W M }, as a good approximation of the fully digital solution in terms of error performance. To this end, we consider the minimization of MSE between the transmitted signal and the signal estimate at the output of the hybrid combiner, which leads to the problem formulation as
where W RF denotes the set of feasible RF combiners with constant-modulus elements. It is straightforward to show that the objective in (6), denoted as E, can be evaluated as
In a similar manner to the hybrid precoding design, the two-step approach to the issue of hybrid combining first 
To facilitate the implementation of such a two-step procedure, we further reduce the infinite set of constant-modulus RF combiners W RF to either the finite set of N cl N ray receive array response vectors A r {a r (φ r il )} i,l [6] or the N r columns of the N r -dimensional DFT matrix E r 
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we present illustrative results comparing the performance of various precoding and combing methods for massive MIMO systems with packet retransmissions. The channel model is realized assuming N cl = 5 scattering clusters with N ray = 2 rays per cluster. We assume ULAs with directional antennas at the transmitter and omni-directional antennas at the receiver. The antenna elements are critically spaced, i.e., d = 0.5. The mean cluster azimuth AoDs are assumed to be uniformly distributed over a 60 • sector angle, i.e., (0 • , 60 • ), whereas the mean cluster azimuth AoAs at the receiver are uniformly distributed over (0 • , 360 • ). The azimuth AoA and AoD of each ray are Laplacian distributed with angle spread of 7.5 • . We assess the two proposed schemes of progressive hybrid precoding and combining (PHPC): (i) The columns of the RF precoder and combiner are chosen from the set of array response vectors, as denoted by PHPC-AR; (ii) The columns of the RF precoder and combiner are chosen from those of the DFT matrices, as denoted by PHPC-DFT. The performance of PHPC is numerically evaluated in terms of achievable rates and MSE. In the former case, we present for comparison the optimal progressive digital precoding (OPDP) scheme of [11] , where an ML receiver was employed. Hence, the rate performance of such a design can be treated as a benchmark for any other precoding and combining scheme. In the latter case, we plot for comparison the OPDP scheme of [12] which addressed the minimization of MSE. The sparse precoding and combining (SPC) approach of [6] serves as another baseline. We note that SPC [6] does not take into account packet retransmissions, and it cannot be straightforwardly extended to systems equipped with packet retransmission. This is because the premise of matrix approximation that the idea of SPC was built upon would no longer hold if the previous retransmission attempts were incorporated. Hence, we adapt SPC [6] to the case of ARQ by designing the sparse precoder and combiner for each ARQ round independently. In doing this, we may gain some insights into when the use of time diversity in the precoding/combining design would become advantageous. In view of the limited scattering in the environment, only a small number of data streams is assumed to be transmitted. All the results presented here are averaged over 1000 random realizations of the massive MIMO channel. For an increased number of data streams, e.g., N s = 3, the performance of the PHPC-AR method is close to that of the OPDP scheme in the low SNR regime (less than −20 dB), while suffering a slightly widening performance gap as the SNR increases. With N s = 3, the SPC scheme offers a much poorer performance even at a low SNR (see Figure 3(a) ). This can be explained by the fact that SPC [6] minimizes the distance between the hybrid precoder/combiner and the fully digital optimal counterpart in one attempt without considering waterfilling-based power loading/MMSE combining at baseband. By increasing the antenna array dimensions at the transmitter and the receiver, the performance loss for all the precoding and combing schemes relative to the OPDP method is reduced, as shown in Figure 3(b) . It is noted that for a larger antenna array dimension as in Figure 3(b) , the DFT-based PHCP method is outperformed by SPC in the regime of SNR above −20 dB. This can be attributed to the fact that PHPC-DFT only exploits the coarse-grained quantized AoDs/AoAs for RF precoding/combining while the RF precoder/combiner of SPC draws on the fine-grained information of AoDs/AoAs of all the scattering paths. In the regime of low received SNR due to (i) low beamforming gain (enabled by a not-so-largedimensional antenna array in Figure 3(a) ) and/or (ii) low transmit power (SNR below −20 dB in Figure 3(b) ), power loading at baseband has a noticeable effect on the achievable rate. In this case, SPC suffers a significant performance loss from suboptimal power allocation, and is thus outperformed by PHCP-DFT. However, as the received SNR increases (above −20 dB) coupled with a substantial beamforming gain as in Figure 3(b) , the benefit of optimal power loading tends to diminish, while the effectiveness of spatial separation between data streams in the beam domain becomes increasingly relevant to the rate performance. In this case, the performance loss caused by the quantized angular information used in the RF precoding/combining of PHCP-DFT cannot be compensated for by the diminishing performance gain from optimal power loading at baseband. Therefore, SPC delivers a superior rate to PHCP-DFT. Figure 4 shows a performance comparison with M = 6. With more rounds of signal retransmission, the performance VOLUME 6, 2018 degradation of the PHPC methods relative to OPDP scheme lessens. Interestingly, by exploiting the increased time diversity, the rate performance of PHPC-AR becomes comparable to that of OPDP even for a smaller array dimension of' N t = 32, N r = 8 while SPC still suffers a remarkable performance degradation as the hybrid precoding and combining are optimized independently of the previous transmission attempts. In this case, one has to rely on increased spatial diversity, as provided by an increased array size, to alleviate the performance loss. This is evidenced by comparing the performance of SPC in Figure 4 (a) with that in Figure 4 (b).
B. LARGE M

C. INCREASING NUMBER OF RF CHAINS
We would like to study how the performance gap between OPDP and the PHPC schemes behaves in response to an increased number of RF chains at the transmitter and receiver. to N RF t = N RF r = 5. For the simulation, we consider an antenna configuration of N t = 32, N r = 8 with N s = 3 data streams and M = 2 ARQ rounds. Not surprisingly, we see that the loss for all the methods relative to OPDP is reduced since a greater flexibility of generating hybrid precoding/combining solutions is enabled by an increased number of RF chains. In particular, PHPC-AR has a negligible performance degradation compared with the optimal OPDP scheme.
D. IMPACT OF ANGLE SPREAD
In Figure 6 , we illustrate a performance comparison of different precoding and combining methods for a varied degree of scattering typically found in a mmWave propagation environment. It is seen from Figures 6(a) and 6(b) that the hybrid precoding/combining structure is more sensitive to increased angle spread, i.e., richer scattering, than the fully digital implementation. Intuitively, this can be attributed to the fact that the use of a limited number (N RF t = N RF r = 2) of array response/DFT beamforming vectors for the RF precoding and combining in the hybrid solutions results in an inevitable loss of channel power in the eigen-domain. Fortunately, the achievable rate of the proposed PHCP-AR remains fairly close to that of the optimal solution OPDP across the varied angle spread of interest. Furthermore, by comparing Figures 6(a) and 6(b) , we see that PHCP-DFT outperforms SPC as the observed number of ARQ rounds increases from M = 2 to M = 6 for the array configuration of N t = 128, N r = 32. Although SPC benefits from the detailed information of AoDs/AoAs in the design of the RF precoder/combiner, it does not leverage the time diversity by ignoring the previous failed packet retransmissions. For a small number of ARQ rounds (M = 2), the advantage provided by the fine-grained AoA/AoD information outweighs the performance loss from being oblivious to the time diversity. However, as the number of ARQ rounds increases (M = 6), the benefit of incorporating the time diversity in the precoding/combining design outweighs the loss of angle information, which leads to the superior performance of PHPC-DFT to that of SPC.
E. QUANTIZATION OF RF PRECODER/COMBINER
In the proposed approach of PHCP-AR discussed in Sections III and IV, we consider choosing the columns of the RF precoder G M and those of the RF combiner B M during the M th ARQ round from the set of array response vectors a t φ t il i,l and a r φ r il i,l , respectively. In practice, such knowledge of the exact AoDs φ t il i,l and AoAs φ r il i,l of all the scattering paths might not always be readily available. For example, some paths might not be spatially resolvable as a result of the finite dimension of the antenna array [22] . However, the AoD/AoA support can be inferred through estimating the mean AoD/AoA and the angle spread. Suppose that the azimuth AoDs and AoAs lie within (φ t min , φ t max ) and (φ r min , φ r max ), respectively. One potential approach to alleviating the channel estimation overhead is to employ uniform quantization of the azimuth angular support such that the array response vectors for G M and B M during the M th ARQ round are respectively generated from the set of angles
with a ∈ {t, r}, and N φ denoting the number of bits used for the quantization. In Figure 7 , we illustrate the impact of choosing the RF precoder/combiner from a quantized angular space at the transmitter/receiver on the achievable rate. The following observations can be made. For a smaller antenna configuration of N t = 32, N r = 8, 4-bit quantization is sufficient for the single-stream beamforming. For the same antenna configuration, increasing N s to three requires an additional bit for quantization to achieve a rate performance close to that of the perfect CSI case with complete angle information. VOLUME 6, 2018 For a larger antenna array configuration of N t = 128, N r = 32, even for single-stream beamforming, we would need 6 bits for quantization to deliver a comparable performance with the perfect CSI case. Since there is a trade-off between the number of quantization bits to achieve a better performance and the number of combinations to be searched to generate the RF precoder/combiner, we see that N φ = 5 can be a suitable choice.
F. MSE
In Section IV, we consider the minimization of MSE as the objective function for the design of the RF and baseband combiners for each ARQ round such that the fully digital linear MMSE combiner can be well approximated. In Figure 8 , we evaluate the error performance of various precoding and combining methods in terms of MSE. The OPDP curve in the MSE plots is obtained using the method proposed in [12] . As we can see from Figures 8(a) and 8(b) , the PHPC method with both choices of RF precoders and combiners enjoy an error performance similar to that of OPDP. We also observe that the error performance of SPC is independent of the number of ARQ rounds, i.e., M , which is expected since the hybrid combiners of SPC were derived independently for each ARQ round. combinations from the set of array response vectors A t and A r , respectively. In the case of PHCP-DFT where the feasible sets of the RF precoder and combiner are constrained to the columns of N t -dimensional and N r -dimensional DFT matrices, respectively, the number of possibilities to be evaluated is combinations for the RF optimization at the transmitter and the receiver, respectively, which are independent of the number of antennas and the number of scattering paths in the propagation environment. Using PHCP-AR and PHCP-DFT as benchmarks, one can consider the use of reduced-complexity heuristic search algorithms such as the Tabu search [23] to generate the RF solutions in real time. Once the RF precoder and combiner are found, the closedform baseband precoder and combiner can be computed with the number of flops on the order of O((N RF t ) 3 ) and O(M 3 N r (N RF r ) 2 ), respectively. This is a significant decrease in the computational complexity compared with the optimal solution OPDP, which requires O(N 3 t ) flops in the derivation of the fully digital precoder and worse-case receiver complexity scaled exponentially with N r . For the case of SPC, it takes O((N RF t ) 2 N t N cl N ray ) flops to generate the hybrid precoding solution and O(N cl N ray N 2 r N RF r ) flops to generate the hybrid combining solution. For a more intuitive comparison, we list in Table 1 the number of real flops per ARQ round required by the dominant operations of the presented precoding and combining schemes. We focus on the case of N s = 3 data streams and M = 6 ARQ rounds of retransmission for both the small and large antenna configurations.
VI. CONCLUSIONS
In this work, we consider progressive hybrid RF-baseband precoding and combining to increase the spectral efficiency by exploiting time diversity for massive MIMO with hybrid ARQ-enabled packet retransmissions. By assuming that the fully digital linear MMSE combiner can be perfectly reconstructed by the hybrid RF-baseband combiner, the development of hybrid precoding and combining solutions becomes decoupled. Toward deriving the hybrid precoder/combiner, we develop a two-step strategy for sequential joint RFbaseband optimization. Specifically, for each ARQ round, we choose the columns of the RF precoder/combiner either from the set of transmit/receive array response vectors or from the DFT-based codebooks. Conditioned on the RF precoder/combiner, we analytically derive the optimal baseband precoder/combiner. The optimal baseband precoder for the current retransmission is shown to be a function of the generalized eigen-matrix of the Gram matrix of the effective channel and that of the RF precoders from the past and current retransmissions. To minimize the performance loss due to separate precoding/combining optimization, the hybrid combiner is formulated as an approximation of the linear digital combiner in terms of error performance. Illustrative results show that the proposed progressive hybrid solutions with a limited number of RF chains provide performance improvement via exploiting the knowledge of previous ARQ retransmissions in comparison with the baseline that does not, and deliver a comparable performance with the optimal progressive digital counterpart.
We now prove that the permutation matrices P 1,M and P 2,M should be chosen such that the diagonal entries in M −1 and those in M are paired in the reverse order. 4 Without loss of generality, we prove this for the case of N s = 2. Let λ 2,M −1 ≥ λ 1,M −1 ≥ 0 and ψ k 2 ,M ≥ ψ k 1 ,M ≥ 0, and define
